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Preliminary palaeomagnetic results from the Paleozoic volcanic units along the Gondwanamargin in Argentina
are presented. Even though we are still working on the palaeomagnetic data of the sampled section, these data
are consistent with data from former studies carried out in the area. More than 90 specimens were measured
from the Sierra Chica locality (37◦52′S; 65◦27′W) computed in 11 sites (Sc1–Sc11). These rocks are carriers of
a characteristic remanence magnetization with reverse polarity, acquired during the Early Permian and assigned
to the Kiaman Superchron. The resulting palaeomagnetic pole (PP) is Lat.: 64◦S; Long.: 017◦E, A95 = 15◦,
K = 12, N = 10. Others interpretations are also possible if the directions of two sites (SC9 and SC10) are
considered to have a different magnetic ﬁeld record. In that case, the PP calculated for sites Sc1–Sc7 is Lat.:
65◦S; Long.: 44◦E, A95 = 8◦, K = 54, N = 7, and the virtual geomagnetic pole (VGP) calculated for sites Sc9
and Sc10 is Lat.: 48.5◦S; Long.: 315◦E, A95 = 8◦, N = 2. The last possibility to consider Sc9 and Sc10 after
structural correction, and the resulting PP position is Lat.: 66.5◦S; Long.: 034◦E, A95 = 8◦, K = 41, N = 9. This
deformation episode could be related to the San Rafaelic orogenic phase, found for the ﬁrst time in La Pampa
province, but previously observed in other neighboring areas during Permian time. However, more detailed
palaeomagnetic sampling, rock magnetism studies, and age dating are necessary to complete the palaeomagnetic
study of this area.
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1. Introduction
To improve upon our understanding of the evolution of
the Western Gondwana during the Late Paleozoic to Early
Mesozoic and to explore regional relationships between
sedimentation, volcanism, and the age of the deformation,
new palaeomagnetic studies are underway in the Gond-
wanides belt (Keidel, 1916) or “Samfrau Geosynclinal” (Du
Toit, 1927) exposed in the central Argentina (Fig. 1). In
this work, a preliminary study is reported from Sierra Chica
(37◦52′S; 65◦27′W), and we will compare the results with
those from other studies of Late Paleozoic rocks along this
belt. The areas included in the study are found in the Sier-
ras Australes (38◦S, 62◦W; 55 sites on sedimentary rocks;
Tomezzoli and Vilas, 1999; Tomezzoli, 2001) and the Cara-
pacha basin (38◦S, 65◦5W; 24 sites on sedimentary and vol-
canic rocks; Tomezzoli et al., 2006; Fig. 1). The earlier
studies yielded two paleomagnetic directions, one of them
in the Lower Permian and the other in the Lower Upper Per-
mian, indicating that the rocks were remagnetized during a
relatively short period of time. The palaeogeographic impli-
cation of these data for South America is consistent with a
latitudinal and counterclockwisemovement of the continent
between the Early and Late Permian times. This movement
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has been interpreted to be the consequence of a late adjust-
ment between the continental blocks before the assembly
of Pangea (Tomezzoli, 2001, 2005). Palaeomagnetism in
this case can be useful in the comparisons of the regional
Choiyoi magmatism along this deformed belt, establishing
the age of the deformation by region.
2. Geological Setting
The volcanic rocks of Sierra Chica (37◦52′S; 65◦27′W;
Fig. 2) are located in the Southern part of the Chadileuvu´
Block (Llambı´as et al., 1996), in La Pampa province, cen-
tral Argentina (Fig. 1). This volcanism is part of the Choiyoi
Group, the Permian–Triassic igneous rocks, whose exten-
sion in Argentina exceeds 500,000 km2 (Llambı´as et al.,
2003). In La Pampa, the Choiyoi Group has characteris-
tics similar to those elsewhere, such as an abundance of
mesosilicic to silicic ignimbrites, subvolcanic domes, and
granite plutons emplaced at shallow levels (Llambı´as et al.,
2003). However, themost important difference between the
Choiyoi Group from La Pampa and that from the Cordillera
frontal and the San Rafael Block (Fig. 1) is that the San
Rafael orogenic phase (Lower Permian) is not obvious in La
Pampa (Llambı´as et al., 2003). Therefore, it is not possible
to attribute a postorogenic character to the Choiyoi Group in
La Pampa, as has been done in the Cordillera frontal and in
the San Rafael Block (Llambı´as et al., 2003). The Choiyoi
Group in La Pampa is located in a tectonically stable envi-
ronment adjacent to the active continentalmargin (Llambı´as
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Fig. 1. Location of the Sierra Chica locality in the deformed orogenic belt known as “Gondwanides belt” in the Central Argentina. Other localities are














Upper riolithic unit: thick layers (> 5 m)
of riolite-ignimbrites. Sites Sc1 to Sc8
Lower riolithic unit: thin layers (< 5 m)














Fig. 2. Geological map of the Sierra Chica with the location of the three mentioned units (taken and modiﬁed from Quenardelle and Llambı´as, 1997).
Sampling sites are located along the A–B proﬁle.
et al., 2003).
The Sierra Chica is a positive element that forms one
of the topographic highs of the La Pampa landscape (Que-
nardelle and Llambı´as, 1997). The sequence is composed
of three units. The ﬁrst and lowermost unit (northern) con-
sists of trachyandesitic pyroclastic ﬂows of unknown thick-
ness and extent. The other two rhyolitic units are divided
into the lower unit, composed of well-bedded, thin (<7 m)
pyroclastic units interbedded with thin fall units (Fig. 2),
and the upper unit, composed of coarse bedded, thick py-
roclastic layers (10–20m) with rheomorphic characteristics
(Quenardelle and Llambı´as, 1997; Fig. 2). Chemical data
show that all three units have high-K calc-alkaline chem-
istry with metaluminous to slight peraluminous tendencies
(Quenardelle and Llambı´as, 1997). Lithologic evidence
suggests that these rocks are proximal to the effusion center
and probably represent a remanent of a volcanic cone. The
strike and dip of the averaged measured stratiﬁcation plane
in the lower group is 068/18; in contrast, the massif aspect
of the rocks in the upper groupmakes it difﬁcult tomeasure
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Table 1. Palaeomagnetic results for a total of 86 specimens from 11 sites in the Sierra Chica.
Site N/n Dec.◦ Inc.◦ α95◦ k Bedding Dec.◦ Inc.◦ α95◦ k
in situ with bedding correction
Sierra Chica 100% unfolding
Sc1∗• 9/5(4) 146 43 6.5 67
Sc2∗• 9/9 148.5 55 6 66
Sc3∗• 9/3 170 46 12 101
Sc4∗• 10/5(2) 154 32 13 22
Sc5∗• 4/1 161 56 4 —
Sc6∗• 9/4(4) 147 45 8 51.5
Sc7∗• 7/(6) 151 30 8 121
Sc8 8/4(3) 111 54 4 256
Sc9∗∗ 8/7 136.5 80 10 40 068/18• 150 62 10 40
Sc10∗∗ 9/6(2) 127 81 8 51 068/18• 147 64 8 51
Sc11 4/— — — — —
Mean 10/10 148 53 12 17
Mean∗ 7 154 44 9 47
Mean∗∗∗ 2 132 80.5 — — ∗∗ 149 63 — —
Mean• 9 153 48 8.5 37
Site, Mean high temperature characteristic directions in the Sierra Chica; N/n, number of processed specimens/number of directional components used
in the calculation of themean; n, number of great circles used in the calculation of themean; Dec., declinations (◦); Inc., inclinations (◦); α95 (◦) = semi-
angle of the 95% conﬁdence cone; k, Fisher statistical parameter (Fisher, 1953); bedding, strike and dip (left hand rule). ∗; ∗∗; •, sites mean directions
used in the calculation of the media. See also Fig. 5.
stratiﬁcation planes in this section. However, it is clear that
they dip in the same direction but very gently (less than 5◦).
The Sierra Chica sequence is consistent with an eruption in
an extensional tectonic regime immediately subsequent to a
subduction-related compressional regime (Quenardelle and
Llambı´as, 1997).
Rapela et al. (1996) obtained an Rb-Sr whole-rock
isochron age of 240±2 Ma from the Lihue´ Calel rhyo-
lite that included samples of Sierra Chica trachyandesites
(Fig. 2), suggesting a cogenetic source for both units. How-
ever, the eruptive characteristics of the Sierra Chica rhy-
olitic units along with their chemistry indicate that the
Sierra Chica ﬂows are from a different source than themore
silicic, ﬂuorite-bearing Lihue´ Calel ﬂows that outcrop a few
kilometers to the southwest and which also belong to the
Choiyoi magmatic sequence (Quenardelle and Llambı´as,
1997; Fig. 2). New U-Pb zircon dating in the area is be-
ing processed.
3. Laboratory Procedures
The sampling sites in the Sierra Chica are distributed
along the A–B proﬁle (Fig. 2). Each site represents a
different cooling layer. Three hand samples were col-
lected per site and oriented in the ﬁeld using a magnetic
compass. Typically standard cylindrical specimens (2.2
(long)×2.5 cm (diameter)) were cut from each core. A total
of 86 specimens from 11 sites on volcanic rocks were stud-
ied (Table 1). Measurements of natural remanent magneti-
zation (NRM) weremade using a DC-squid cryogenicmag-
netometer (2G model 750R). Standard high-temperature
demagnetization techniques were selected as the demag-
netization procedure. Thermal demagnetization was suc-
cessfully applied in at least 15 steps, with maximum tem-
peratures of 680◦C, using an ASC oven with dual cham-
bers. Bulk susceptibility was measured in all specimens af-
ter each step to monitor possible chemical changes during
heating, using a Bartington MS2 susceptibility meter. De-
magnetization results were analyzed using orthogonal vec-
tor plots (Zijderveld, 1967) and stereographic projections.
Palaeomagnetic directions were determined using princi-
pal component analysis (Kirschvink, 1980) or using the re-
magnetization plane technique (Halls, 1976). The ﬁnal site
mean directions were compiled using Fisher (1953) statis-
tics; alternatively, in the case of combined directional data
and remagnetization great circles, themethod of McFadden
and McElhinny (1988) was used.
Natural remanent magnetization intensities range in gen-
eral from 30 to 3,000mAm−1. In some of the samples, as in
the case of the Sc3 site, the values are up to 10,000mAm−1,
and the directional results for these samples were poor. The
samples present different behavior, but most were very sta-
ble during heating, with a gradual decay towards the ori-
gin (Fig. 3). All components were isolated with a maxi-
mum angular deviation of 15◦. For those remanence di-
rections which were stable during heating, with a gradual
decay to the origin (Fig. 3(a)), unblocking temperatures
range between 630◦ and 680◦C, showing that this magne-
tization is carried by a mineral of the titano-hematite se-
ries. In other samples, demagnetization paths were curved
along great circles, indicating the simultaneous removal of
distinct magnetic components with overlapping unblocking
temperatures, which ranged from 550◦ to 580◦C, suggest-
ing that the magnetization is carried by titano-magnetite
(Fig. 3(b)). Themagnetic behavior at the Sc9 and Sc10 sites
was different from that at the remaining sites (Fig. 3(c)). In
those cases, it was possible to isolate a component with a
different direction, and the unblocking temperatures were
found to range from 530◦ and to 630◦C. The experiments
of isothermal remanent magnetization (IRM) acquisition in
the representative behaviors showed that the main carriers
of the remanence are both low and high coercivity min-
erals (Fig. 4; Dankers, 1978; Dekkers, 1988). A second
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Fig. 3. Representative thermal demagnetization results for selected specimens. (a) I: Zijderveld diagrams. Open (ﬁlled) squares indicate vertical
(horizontal) plane projections, in geographic coordinates. II: Demagnetization curves. III: Equal-area projection. (b) Remagnetization circle is






















Fig. 4. Experiments of IRM acquisition in the representative behaviors
showed that the main carriers of the remanence are both low and high
coercivity minerals.
low-temperature component between 100◦ to 400◦C was
isolated in some specimens, with random directions. The
low unblocking temperatures and the scattered distribution
indicate that this component is a secondary magnetization,
probably of recent vintage. Consequently, it is not consid-
ered relevant for tectonic interpretations.
Inmost samples it was possible to isolate one characteris-
tic component in the southeast quadrant (in situ) with a posi-
tive inclination (Table 1, Fig. 5) and good within-site group-
ings (α95 < 15◦ and k > 20), referred as Population 1;
the exception is Sc11, where it was not possible to isolate
any component. For this reason, palaeomagnetic data from
this site were rejected. The sites SC8, SC9, and SC10 are
located in the well-bedded lower rhyolitic unit (described
by Quenardelle and Llambı´as, 1997; Fig. 2, Table 1) and
present a different characteristic direction with respect to


























Fig. 5. High-temperature characteristic remanence directions (in equal
area projections) in situ and with bedding correction for sites Sc9 and
Sc10∗∗. Present ﬁeld direction ( symbol) and the media for sites
Sc1–7 are indicated. Also see also Table 1.
Sc8 was isolated at only one site, and for that reason this
direction will be considered separately from the other sites.
The in situmean direction (Fig. 5) when the ten accepted
(Sc1–Sc10) sites are considered is D. = 148◦, I. = 53◦,
α95 = 12◦, k = 17 (see also Table 1, Fig. 5). No bedding
correction was applied in the upper units because these are
sub-horizontal. As the Sc9 and Sc10 characteristicmean di-
rections seem to be displaced from the mean direction pro-
vided by the SC1–Sc7 sites (Fig. 5), a different outlining
analysis has been proposed to test statistically whether these
means correspond to two different populations. We have ap-
plied the reversal test of McFadden and McElhinny (1990).
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Table 2. Late Paleozoic and early Mesozoic South American poles selected from the cratonic areas of South America.
Paleomagnetic pole Site Pole
A95 ◦ LAT. ◦ LONG. ◦ PLAT. ◦ PLONG. ◦ AGE (PP) References
Gonzalez Chaves Ar 17 −38 300 −84 216 248.5-Tr Tomezzoli and Vilas (1997)
Amana Ar 8 −30.3 292.3 −83 317 248.5-lTr Valencio et al. (1977)
Independencia Pr 6.6 −24 304 −80.7 7.0 260-uP-lTr Rapalini et al. (2006)
Sierra Chica 1–10ce 8 −37.5 333 −66.5 034 260-240?lP This work
Sierra Chica 1–7 8 −37.5 333 −65 044 260-240?lP This work
Sierra Chica 1–10 15 −37.5 333 −64 017 260-240?lP This work
San Roberto 11 −38.2 294.2 −70 49 270-up Tomezzoli et al. (2006)
Alto Paraguay Pr 6 −24 302.5 −78 319 245-Tr Ernesto (2005)
Tunas II Ar 5.2 −38.2 298.6 −74.1 25.9 275-ulP Tomezzoli (2001)
Cochico´ 17.5 −34.5 291 −60.3 007 285-280lP Tomezzoli et al. (2005)
Rio Curaco´ Ar 5 −38.1 294.1 −64 005 280 lP Tomezzoli et al. (2006)
Itarare´ I2 Br. 4 −21.5 312.8 −60.3 29.5 290-lP Pascholati (1983)
Tunas I Ar. 5.1 −38 298.2 −63 13.9 290-lP Tomezzoli and Vilas (1999)
Sierra Chica 9–10 — −37.5 333 −48.5 315 290?-lP This work
Lw. Colorados Ar 5 −29.5 293 −60 358 293-lP Embleton (1970)
La Colina Ar. 8 −30 293 −49 343 294-lP Sinito et al. (1979)
Itarare I Br. 4 −21.5 312.8 −56.7 350.6 295-lP Pascholati (1983)
Tepuel Ar. 8.5 −43.5 289.6 −31.7 316 318-lC Rapalini et al. (1994)
Paleomagnetic poles (PPs) were taken from Van der Voo (1993) and McElhinny and Lock (1996); the Global Palaeomagnetic Database and the data
were checked with the original contributions. A95 (◦) = semi-angle of the 95% conﬁdence cone. The PPs were selected based on a minimum of three
of the reliability criteria of Van der Voo (1990); see Fig. 6.
Fig. 6. Late Paleozoic and early Mesozoic South American paleomagnetic poles from the cratonic region are shown (see Table 2), selected with a
minimum of three of the reliability criteria of Van der Voo (1990). (a) Sierra Chica PP calculated based on the different sites mean direction (see on
the text). Sa. Chica 1–10 (sites Sc1–Sc10); Sa. Chica 1–7 (Sc1–Sc7); Sa. Chica 9–10 (Sc9–10); Sa. Chica 1–10ce (sites Sc1–Sc7 in situ with nine to
ten bedding corrected). (b) Position of the palaeomagnetic poles shown on the APWP for South America in the latest Paleozoic.
The test was negative (value of test statistic = 127.6,
with a 95% conﬁdence limit = 7.9 and a 99% conﬁdence
limit = 14.1), which indicates that SC9 and SC10 consti-
tute a different population of directions (Fig. 5). The media
in situ direction without considering Sc8, Sc9 and Sc10 is
D. = 154◦, I. = 44◦, α95 = 9◦, k = 47, N = 7 (see
also Table 1 (∗), Fig. 5). The media in situ between Sc9
and Sc10 is D. = 132◦, I. = 80.5◦, N = 2 (see also Ta-
ble 1 (∗∗∗) and Fig. 5). If the bedding correction is applied
to sites Sc9 and Sc10, the media results are D. = 149◦,
I. = 63◦, N = 2 (see also Table 1 (∗∗), Fig. 5). However, if
the Sc9 and Sc10 directions (bedding corrected∗∗) are con-
sidered with the rest of the directions in situ, the ﬁnalmedia
is: D. = 153◦, I. = 48◦, α95 = 8.5◦, k = 37, N = 9 (see
also Table 1 (ﬁlled circle), Fig. 5).
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4. Discussion
The Sierra Chica volcanic rocks have a characteristic sta-
ble remanent magnetization in the southeast quadrant (in
situ), with exclusively reverse polarity and good within-site
grouping. According to the assigned age of these rocks,
this magnetization was acquired during the Kiaman reverse
Superchron. As the top of the Kiaman is approximately
266 Ma (Gradstein et al., 2004), this result implies an older
age for these rocks. New U-Pb zircon ages in the area
are being processed. The characteristic magnetization is
a single high-blocking temperature component carried by
titano-magnetites, titano?-hematite, or both. More rock
magnetism studies should be carried out with the aim to
characterize the magnetic carriers.
As the behavior and the characteristic mean direction of
Sc9 and Sc10 sites seem to be different than the other site
mean directions, the directional analysis has been done in
different ways, considering one or two directions as a dif-
ferent record of the magnetic ﬁeld, respectively. One mean
direction was between the Sc1–Sc7 sites and the other was
between the Sc9 and Sc10 sites (see Table 1, Fig. 5). In
this case, the mean direction of site Sc8 was not consid-
ered in the calculation of the PPs because it differed from
the two principal groups of direction (Sc1–Sc7 and Sc9–
Sc10) and could be considered to be an oblique direction of
the magnetic ﬁeld. The associated PP was computed from
the VGPs. The best grouping of those vectors in situ were
averaged to obtain the Sierra Chica pole: Lat.: 64◦S; Long.:
017◦E, A95 = 15◦, K = 12, N = 10 (Fig. 6, Table 2). This
position is consistent with the apparent polar wander path
(APWP) of South America from other lower Permian PP
from neighboring areas (Table 2, Fig. 6). However, if the
Sc9 and Sc10 mean directions are treated separately (see
Table 1) the results change. The PP calculated for sites
Sc1–Sc7 is Lat.: 65◦S; Long.: 044◦E, A95 = 8◦, K = 54,
N = 7 (Fig. 6(a), Table 2), and the VGP calculated for
sites Sc9 and Sc10 in situ is Lat.: 48.5◦S; Long.: 315◦E,
N = 2 (Fig. 6(a), Table 2). In this case, the PP position
in the APWP is consistent with the stratigraphy of the sites
because sites Sc9 and Sc10 are in the oldest rhyolitic units
of the sequence (Quenardelle and Llambı´as, 1997) and oc-
cupy an older position in the APWP (Figs. 2, 6(a)), while
sites Sc1–Sc7 are younger and belong to the upper rhyolitic
units (Quenardelle and Llambı´as, 1997; Figs. 2, 6(a)). In
this case the stratigraphic plane measured in the Sc9 and
Sc10 sites (068/18) should have a primary volcanic origin,
which is not unusual in the volcanic products closer to the
effusive center. An alternative interpretation of themean di-
rection would be to consider the direction of Sc9 and Sc10
after making a bedding correction; in this case, the PP cal-
culated for sites Sc1–Sc10 is Lat.: 66.5◦S; Long.: 034◦E,
A95 = 8◦, K = 41, N = 9 (Fig. 6(a), Tables 1, 2). The de-
formation should have developed after the deposition of the
lower units but before the deposition of the upper units, in
which case this deformation episode could be related with
the San Rafaelic orogenic phase registered in others areas
(Tomezzoli and Vilas, 1999; Tomezzoli, 2001). In any case,
all of the calculated PPs are consistent with positions in the
APWP during the late Early Permian to early Late Permian
(Fig. 6(b)).
There also exists the possibility that the secular variation
was not adequately averaged out. However, the paleopolar
position is consistent with the positions of the other PPs of
the Late Paleozoic APWP of South America in neighboring
areas (Fig. 6(b); Tomezzoli et al., 2006). New age dating
studies in different stratigraphic positions of the column
and more detailed palaeomagnetic sampling are necessary
in this area to complete this study.
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